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137 were found for the tibia along X, Y and Z directions, and uncertainties of 1.0 µm, 1.0 µm and 0.7 138 µm were found for the femur along X, Y and Z directions, respectively. These errors were 139 considered acceptable for this application where displacements were at least one order of magnitude 140 larger than the measured uncertainties.
141 Considering the absence of an in vivo longitudinal imaging modality for OPT measurements and 142 the intrinsic variability of the shape of the rudiments at TS23 and TS24 (Fig 1, A) , the effect of 143 including different input images on the final developmental map was estimated as follows 144 (overview of the procedure in Fig 2) . 151 Twenty displacement maps were generated by deformable registration of four randomly picked 152 stack of images from the TS23 tibial epiphysis group with every image of the TS24 tibial epiphysis 153 group. The obtained displacement values were averaged in order to generate a mean growth map 154 (from now on referred to as "Developmental Tibia Map", DTM). Furthermore, the average of five 155 displacement maps obtained by registering the remaining image of the TS23 tibial epiphyses group 156 with each one of the images in the TS24 tibial epiphysis group was computed in order to evaluate a 157 control map (from now on referred to as "Single Tibia Map", STM) (Fig 3, A) . The same procedure 158 was then applied to the femur samples in order to generate the "Developmental Femur Map" 159 (DFM), and "Single Femur Map" (SFM) (see Fig 3, B) .
160 For the visualization of the displacement maps for tibia and femur, the registration grids of the 161 TS23 control specimens were converted into meshes of 8-node hexahedron elements, and the 162 "Developmental Maps" and "Single Maps" were applied as kinematic boundary conditions. A finite 230 inter-operator test, respectively (see Table 1 ). A similar MHD intra-operator value was measured for the 231 femoral rudiment (22.5±0.8 µm) (see Table 1 ). For intra-operator assessment of the tibial rudiment, ADD 232 values of 30.0±2.2 µm, 33.7±1.6 µm, and 28.5±1.1 µm along X, Y, and Z axis respectively were calculated 233 (see Table 1 ). Similar values were observed for the inter-operator test performed on the same rudiment with 234 28.6±0.6 µm, 31.9±0.6 µm, and 25.8±0.4 µm along X, Y, and Z axis, respectively (see Table 1 ). ADD values 235 for the femoral rudiment, showed intra-operator values of 34.8±0.9 µm, 34.8±0.1 µm, and 31.9±1.4 µm 236 along X, Y, and Z axis respectively (see Table 1 ). A qualitative comparison between intra-and inter-operator 237 generated maps for both epiphyses is reported in Fig 4, 246 but, these models are usually based on idealized shapes. The protocol developed in this study can be used to 247 quantify the shape changes of a developing rudiment and provide 3D realistic displacement maps for 248 studying the joint development, at different stages, in healthy or diseased animals and to populate 249 computational models to study morphogenesis and its dependency on mechanical and biological stimuli. The 250 protocol was found to be strongly reproducible for both epiphyses, with small intra-(SD of ADD below 2.2 251 µm for tibia and 1.4 µm for femur) and inter-operator (SD of ADD below 0.6 µm for tibia) displacement 252 uncertainties (Table 1 ). The high reproducibility of this protocol enables researchers not familiar with elastic 253 registration to generate reliable developmental maps. In addition, the maximum reproducibility error 254 measured in terms of ADD (2.2 µm) suggests that this method is suitable to study all deformations of at least 255 one order of magnitude higher (all deformations higher than 22 µm) and this method could be used in the 256 future to generate growth maps for earlier stages where the experimentally observed deformations have not 257 yet been quantified precisely. The robustness of the method is also highlighted by the similarity between the 258 reproducibility errors for the two anatomical rudiments and among the Cartesian directions.
259 For the developmental stages analysed (TS23 and TS24), the generated maps for both anatomical sites 260 showed higher growth corresponding to the condyle regions and lower growth in the intercondylar fossa. In 261 addition, the DTM and the DFM showed mean displacement values of 75 µm and 81 µm, with maxima 262 values of 150 µm and 160 µm for the tibia and femur respectively (Fig 3, C, D) . When the DTM and DFM 263 were qualitatively compared with the STM and SFM, the analyses showed, as expected, similar but not 264 identical developmental patterns (Fig 3, C, D) . Maximum MHD between the measured displacement maps 265 of 21 µm and 22 µm were found for the tibial and femoral maps, showing the variability of the growth 266 among specimens. This value, ten times higher than the estimated uncertainties, underlines the important role 267 that the input images play. In fact, the high variability in the developmental maps found in this study is 268 probably based on the differences in shape found especially at TS23 for both tibial and femoral rudiments 269 (see Fig 1 for examples) . Such variability could be probably reduced by increasing the sample size, to 270 account for intrinsic differences among the specimens, or by extending the OPT imaging to in vivo 271 application, something which is not possible right now.
272 This study has mainly two limitations. Firstly, the analyses were performed on the distal femur and on the 273 proximal tibia only due to the limited or absent contrast in the OPT images due to the advanced diaphysis 274 ossification for the TS24 samples. A combination between OPT and micro-CT (micro-computer 275 tomography) imaging could help to overcome this problem and allow the application of this protocol to the 276 whole rudiments. Secondly, a more comprehensive developmental map including earlier and later 277 developmental stages could not be generated. The former because at earlier developmental stages the joints 278 were not fully cavitated, making very difficult the identification of specific joint segments. The latter due to 279 the advanced ossification process, which started involving the epiphyses. Finally, the analyses was 280 performed on only 4 or 5 specimens. As the final goal is to create a mean biological growth map, including 281 more specimens (and therefore more registrations) would reduce the influence of the differences in initial 282 shape of the joints at the two TS.
283
In conclusion, in this study we have shown how a combination of OPT imaging and deformable registration 284 can be used to generate 3D realistic transformations of a developing rudiment in the prenatal mouse knee 285 joint. The method is highly reproducible and will allow us to study how growth and adaptation are directed 286 by biological and mechanobiological factors. Moreover, the realistic shapes can be used to generate more 287 accurate computational models capable of exploring the influence of both physiological and non-13 288 physiological mechanical conditions on the process of morphogenesis and joint development. 
